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Introduction 1
As our world is experiencing energy shortages, utilization of low-grade heat has attracted 2 growing interest [1]. Flue gas from fossil fuel fired power plants is one of the low-grade heat 3 sources of great interest [2] [3] [4] . Wet exhaust flue gas typically has high temperature and 4 moisture, making it a potential source for both energy and water.
5
The temperature of flue gas varies significantly, depending on the measurement distance from 6 the boiler and the types of power plants. For a coal-fired power plant, generally the flue gas 7 temperature is below 130°C, and the flue gas contains 10 -16% (v/v) water vapor with 8 considerable latent heat. There is no doubt that direct emission of exhaust flue gas into the air 9 causes the waste of energy and water. Considerable energy would be saved if partial waste 10 heat can be recovered from flue gas. It is estimated that 35 million tons of standard coal can 11 be saved annually if half of the latent heat in the flue gas can be recovered [5] .
12
On the other hand, large quantity of water is consumed in power plants, and power plants 13 could be self-sufficient with water if 20% of water vapor in flue gas can be captured [6] .
14 Therefore, recovering low-grade heat and/or water vapor from flue gas has been a technical 15 challenge for the science and engineering communities and industry [5, [7] [8] [9] [10] . 
19
In our previous studies, saturated gas streams at relatively low temperatures (< 85°C) were 20 studied with both monochannel and multichannel ceramic tubes [19, 27] . In the current work,
21
we employ a new method to generate simulated flue gas (relatively humidity: 11-14 vol.% at 22 100 °C) and explores the feasibility of employing nanoporous tubular ceramic membranes for 23 simultaneous water and heat recovery from simulated flue gas. Influences of operational 24 parameters, such as gas flow rate, coolant water flow rate, inlet gas temperature, coolant 1 water temperature and flue gas humidity on process performance are investigated. This study 2 offers a guideline in optimising the operational parameters in low-grade heat recovery with 3 membrane heat exchangers, and it may greatly advance the development of membrane 4 condensation technology for practical heat and water recovery from power station flue gas. We prepared membranes using the method that can be found elsewhere [28] . Briefly, titania 8 sol was synthesized through the colloidal sol-gel method. The prepared sol was coated on a 9 tubular a-Al 2 O 3 mesoporous support via dip-coating [29] , and then calcined at 400°C for 3 h.
10
The support (OD: 12 mm, ID: 8 mm, length: 85 mm, average pore size: 20 nm) was obtained 11 from Jiangsu Jiuwu Hi-tech Co. China.
12
The tubular ceramic membrane has its separation layer on the inner side, and its thickness is 13~1 00 nm. Average pore size of the separation layer is ~7 nm, based on the gas bubble method 
Flue gas

16
Simulated flue gas containing air and water vapor was produced by the following system.
17
Measured water vapor contents within the simulated flue gas (i.e. humidity ratios) were 85 -18 100 g/kg, which corresponds to 11-14 vol.% in flue gas at 100 °C. Humidified air has been 19 simulated as engine exhaust gas in a similar lab-scale investigation [24] . 
Experimental setup
21
A bench-scale setup was designed for artificial flue gas generation and heat and water 1 recovery (Fig. 1) . First, dry air was humidified and preheated with a heating water bath, and shell side of the ceramic tube. The whole system was thermally insulated.
10
Temperature of the coolant water increased gradually due to the transferred heat from the hot 
21
Water flux (J w ) and heat flux (q) can be respectively described by Water recovery (γ) can be expressed by
where W inlet is the inlet water content (kg) of the gas stream during the same time period as 9 ∆W, ω is the humidity ratio (kg·kg -1 ), and ṁ air is the dry air flow rate (kg·h -1 ). The values of 10 ω and ṁ air can be experimentally determined by the humidity transmitter and mass flow 11 controller, respectively.
12
Heat recovery (η) can be determined by
where U obtain is the obtained heat transfer rate (kJ·h -1 ) across the membrane, U inlet is the heat 15 flow rate (kJ·h -1 ) of the inlet gas stream to the membrane module, h is the specific enthalpy
16
(kJ·kg -1 ) of the gas stream, and ṁ inlet is the gas stream flow rate (kg·h -1 ). Both h and ṁ inlet can 17 be obtained from the Humidity Calculator software from Vaisala, Finland. 
Overall heat transfer coefficient calculation
19
Heat transfer in the membrane condenser is complex because it involves both convective and 20 conductive heat transfer. To simplify the situation, we employ the overall heat transfer 
7
∆T is a logarithmic mean temperature difference (K), commonly used in counter-current heat humidity ratio and specific enthalpy of the flue gas decline with the increase in gas flow rate.
20
Namely, the water vapor quantity and heat content within the flue gas decrease due to the 21 9 reduced air residence time in the humidifier when increasing the air flow rate. As a result, 1 mass and heat transfer rates decline with the increase in the gas flow rate ( Fig. 2A ).
2
Similar to the transfer rates, both water recovery and heat recovery decrease with the increase 3 in the gas flow rate (Fig. 2C ). When the gas flow rate increases from 2.7 to 6.7 L min -1 , water 4 recovery decreases from 37% to 23% and heat recovery decreases from 35% to 19%. These 5 results indicate that higher water and heat recoveries can be achieved at lower feed flow rates 6 due to longer residence time, and higher humidity and specific enthalpy within the flue gas.
7
Compared with the recovery performance from saturated gas streams, water and heat 8 recoveries from unsaturated flue gas with the same type of membranes are much lower [19] .
9
In practical heat and water recovery from flue gas, mass and heat transfer rates across the 10 membrane condenser are more likely to increase with the increase of the flue gas flow rate 11 since the humidity and enthalpy of the flue gas from a given power plant are relatively stable.
12
However, the transfer rates may vary with the properties of the flue gas from different power 13 plants. Heat and water recoveries could be improved due to the increased residence time 14 when longer tubular membranes are used [24] . Note that we select the dry air flow rate rather 15 than wet gas mixture (i.e. air and water vapor) flow rate as a parameter because it is 16 impractical to experimentally measure the wet gas flow rate due to surface condensation.
17
Fig . 2D shows the effect of gas flow rate on the overall heat transfer coefficient. As expected,
18
the overall heat transfer coefficient reduces with the increase in gas flow rate because of the 19 lower specific enthalpy at higher gas flow rates. Within the experimental gas flow rate range, (0.085 m), the temperature change between inlet and outlet water will not be detectable if the 8 water flow rate is too high. Therefore, we maintained very low water flow rates in the 9 experiment.
10
Water and heat recoveries improve slightly with the increase of the water flow rate (Fig. 3B) .
11
When the water flow rate increases from 1.1 to 9. In the experiment, the humidity ratio and specific enthalpy of the flue gas are relatively stable 4 (95 ± 5 g·kg -1 and 395 ± 5 kJ·kg -1 , respectively) with the change in gas temperature. As the 5 inlet gas temperature increases, water and heat fluxes across the membrane increase slightly 6 (Fig. 4A ). In the flue gas temperature range of 80 -120 °C, water and heat fluxes are 4.8 -6.5 7 kg·m -2 h -1 and 17 -24 MJ·m -2 h -1 , respectively. The water flux is slightly higher than that (~5.5 8 kg·m -2 h -1 ) in a similar study [10] . The flux improvement with increasing gas temperature 9 results from the large temperature difference across the membrane as the driving force in the 10 process.
Water and heat recoveries also improve with the rise in gas temperature (Fig. 4B) . However,
12
water recovery is much higher than heat recovery, particularly at higher gas temperatures.
13
This phenomenon can be explained by the higher heat loss at higher gas temperatures in the 14 bench-scale experiments. In a well thermally insulated plant operation, the heat recovery can 15 be higher than that in this laboratory based study. In addition, increased water temperature at 16 higher gas temperature can reduce the temperature difference across the membrane and thus 17 lower the heat transfer efficiency. As a result, the overall heat transfer coefficient reduces 18 with the rise in gas temperature (Fig. 4C) . Thus, selecting water at low temperature as the 19 liquid coolant can effectively improve the heat recovery. 
Effect of inlet water temperature
21
Coolant water temperature plays an important role in both fluxes and recoveries (Figs. 5AB).
22
The water flux declines from 5.5 to 3.6 kg·m -2 h -1 and the heat flux drops by approximately 10 23 times (from 20 to 2 MJ·m -2 h -1 ) when the inlet water temperature rises from 25 to 50 °C (Fig.   1   5A) . Similarly, significant declines in water and heat recoveries are described in Fig. 5B .
2
With increasing water temperature, the overall heat transfer coefficient also dramatically 3 declines from 118 to 14 W·m -2 K -1 (Fig. 5C ). It is obvious that heat transfer performance (heat 4 flux, recovery and transfer coefficient) are very sensitive to the temperature change of the 5 coolant (Fig. 5) . Therefore, to maximize heat transfer performance, it is necessary to limit the 6 coolant liquid temperature in the industrial operations. variation in the gas temperature and hydrophilicity of the membranes.
Effect of flue gas humidity
19
Water and heat recoveries show interesting changes. The water recovery ratio (~ 40%) in the 20 present study is comparable with that in the industrial operation [10] . By elevating the flue 21 gas humidity, the water recovery increases first and then levels off; while the heat recovery 22 maintains relatively stable (Fig. 6B ). This suggests that the flue gas humidity has minimal 23 effect on water and heat recoveries.
13
Although the increase of flue gas humidity cannot obviously improve the water and heat 1 recoveries, it can significantly increase the overall heat transfer coefficient due to the 2 enhanced water and heat transfer rates (Fig. 6 ). In Fig. 6C , it can be seen that the overall heat 3 transfer coefficient increases from 53 to 170 W·m -2 K -1 as the flue gas humidity raises from 4 16 to 120 g·kg -1 . These results offer significant insights into optimizing the condensation 5 performance in large-scale water and heat recovery operations. 
How to optimise operational parameters?
7
The effect of operational parameters (fluid flow rates, temperatures and gas humidities) on 8 the process performance is summarized in Table 1 . Obviously, increasing gas flow rates will 9 reduce the overall performance in water and heat recovery due to the decreased gas- should be an optimal water flow rate beyond which the overall performance in water and heat
15
recovery cannot be improved obviously.
16
The rise in flue gas temperature can significantly enhance mass and heat transfer, leading to 17 improved water and heat recovery ratios. Nevertheless, the overall heat transfer coefficient 18 reduces as the flue gas temperature increases, which is most likely caused by the high heat Overall, increasing the gas flow rate or water temperature has adverse impacts on the overall 3 water and heat recovery performance. Increasing the water flow rate, flue gas temperature or 4 humidity can favourably improve the overall performance in water and heat recovery. 
Conclusion 6
This study demonstrates that the operational parameters, including fluid (gas and water) flow 7 rates, temperatures of flue gas and coolant water, and flue gas humidity have significant exchangers. Economic analysis of this technology for flue gas water and heat recovery will be 22 carried out in our future study. 
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